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Trip B-3
EXCURSIONS AT THE NORTH END OF THE TACONIC ALLOCHTHON AND THE 
MIDDLEBURY SYNCLINORIUM, WEST-CENTRAL VERMONT, WITH EMPHASIS ON
NAPPE AND ASSOCIATED PARAUTOCHTHONOUSTHE STRUCTURE OF THE SUDBURY
ELEMENTS
by
Barry Voight, Department of Geosciences 
The Pennsylvania State University 
University Park, Pa., 16802
SUMMARY
This excursion is designed to provide insight into the 
Paleozoic displacement and strain patterns at the juncture of the 
Taconic Allochthon and Middlebury Synclinorium. The nature of 
structural contacts will be examined in detail, and sequences of 
fault, fold, foliation and lineation evolution will be examined. 
Field trip stops will include locations within the allochthon and 
tne synclinorium in order to place their mutual boundary relation­
ships into proper perspective.
Assembly point: front of the office of the Vermont Struc­
tural Slate Company, near junction Routes 4 and 22A south of Poult­
ney River in Fair Haven, Vermont. 8:39 A.M. sharp, Saturday, Oct­
ober 14 .
Quadrangle maps: Sudbury(1946), Bomoseen(1944), Thorn
Hill(1946), and Middlebury(1963) 7 1/2' topographic sheets. Most
stops will be in the Sudbury quadrangle.
The two standard published references for the area of the 
excursions are:
Cady, W. M . , 1945, Stratigraphy and structure of 
west-central Vermont: Geol. Soc. America Bull., v. 46, p. 515-558.
Zen, E-an, 1961, Stratigraphy and structure at the 
north end of the Taconic Range in west-central Vermont: Geol. Soc. 
America Bull., v. 72, p. 293-338.
Excursion participants may wish to review these references in ad­
vance of the field conference. Also to be recommended is the more 
recent review of Taconic geology by Zen (1967).
Begin Excursion: Enter Fair Haven Village and turn west
on Route 4^ Stop, approximately 2.5 miles at William Miller Chapel 
south of Route 4.
Locality 1: Taconic thrust; Structural Window at William


































































limestone and dolostone (Chipman formation, Cady and Zen, 1960) 
overlain in nearly horizontal contact by the early Cambrian Bomo­
seen graywacke member of the Bull formation (Figure 1; cf. Zen, 
1961, Figure 4, p. 1.3; Plate 1). This is a structural window 
(Figures 1,3) in which the autochthonous carbonate is exposed 
through an overthrust fault sequence. The superjacpnt allochtho­
nous sequence within the general vicinity is normal, showing that 
at least here no recumbent fold (Figure 2, B-B') exists in the 
Taconic sequence (Zen, 1961, p. 319; Plate 1). The structural con­
tacts are locally exposed and can be examined in detail; there is 
no outcrop to the South.
The Bomoseen graywacke (Zen, 1961, p. 301-302) is typical­
ly a hard, olive-grey, coarsely-cleaved rock, weathering to white 
or to pale brick red. Quartz and feldspar grains, typically 1 mm, 
are common; white mica occurs in alignment with cleavage surfaces.
A common assemblage is muscovite-chlorite-albite-microcline-sti1- 
pnomelane-quartz. Zen has presented evidence suggesting that the 
Bomoseen graywacke is a lithofacies that becomes progressively 
older and thicker to the west. It is the oldest unit in the Tac­
onic sequence exposed west of Glen Lake.
The Beldens member of the Chipman formation is typically 
a white marble limestone with local interbeds of orange- to buff- 
weathered dolostone.
Return to Fair Haven and take the Scotch Hill road north 
to West Castleton.
Interlude: The first quarrying of slate in Rutland County was done
by Col. Alanson Allen of Fair Haven in 1839 on Scotch Hill, about a 
mile north of Fair Haven village. The first quarry was worked for 
8 years, using the products for hearths, headstones for cemeteries, 
school slates and flagging for walks, before any roofing slate was 
manufactured. It was one year more, in 1848, before the first roof 
was covered with Vermont slate. This was done by Col. Allen under 
the following conditions. He was to wait for one year for his pay, 
and if, in the meantime the roof should break down from the weight 
of the slate, he was to receive no pay, but should pay all damages. 
The farmer was disappointed and the roof is good today (Smith and 
Rann's, History of Rutland County, 1866). The barn still stands 
on the farm of Stanley Kruml, about a mile south of Fair Haven on 
Rt. 22-A; the roof is in excellent condition.
Locality 2 : Scotch Hill Syncline, West Castleton - This
is private property. We are permitted to be here by the courtesy 
of the owners. Sampling of rock specimens is not permitted; LEAVE 
ALL HAMMERS IN THE VEHICLES ! Please cooperate —  thank you.
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Exposed cross-section of the Scotch Hill syncline: the 
east limb is nearly vertical at this locality (Figure 4). The 
west limb dips east at a shallow angle. This is the West Castle­
ton formation (Zen, 1961, p. 304), within which early Cambrian fos­
sils have been found by several workers, in ledges near this local­
ity.
The West Castleton formation ranges from a dark-grey, hard, 
poorly-cleaved sandy or cherty slate that weathers white or pale-red 
to a jet-black, fissile, graphitic and pyritic slate that contains 
many paper-thin white sandy laminae and commonly also black cherty 
nodules, and when weathered displays much alum bloom. Locally in­
terbedded in the fine black slate are beds of buff-to yellow-weath­
ering black dolostone or dolomitic quartzite, a few inches thick, 
some of which, however, become massive, siliceous, and heavily bed­
ded in the harder black slate. The varieties of black slate do not 
form mappable units but grade into each other along strike (Zen, 
1961, p. 304-305). The rock becomes a phyllite to the east.
Immediately to both the east and west of this fold are 
quarry belts of green and purple slates (Mettawee member, Bull for­
mation) . The simplicity of the Scotch Hill structure and the rela­
tion to the underlying Bull formation is consistent with the rela­
tive ages of the two units as proposed by Zen (1961, p. 317). The 
flexural flow fold displays a host of well developed minor struc­
tural elements, e.g. cleavage in several rock types, "refraction" 
of cleavage, slip and flow phenomena in the dolostones; calcite- 
filled fractures; and pressure-shadows associated with porphyro­
blasts. Cleavage is axially-planar in thicker slate beds.
The dating of the cleavage is an important but unclosed 
question; Zen (1967, Appendix 7, p. 101) has suggested a post-Ordo­
vician age of the regional metamorphism based both on regional re­
lations and on radiometric dating. Zen noted that the regional 
metamorphic grade increases steadily eastward, from the non-meta- 
morphosed rocks of the Champlain Valley, to almandine-kyanite 
grades in eastern Vermont. No multiple-metamorphic effects were 
observed in the Paleozoic sequence; rocks as young as Devonian are 
involved and the metamorphic episode was presumed to postdate this. 
Radiometric dates in the range 350-390 m.g., from the southern Ta­
conic region and from north-central Vermont (Camels Hump area) are 
cited by Zen in support of this view. Yet Harper (1968) has cited 
radiometric dates from slate belt minerals in the range 445-460 
m.g., which dates would be compatible with Ordovician (Taconic) de­
formation. This problem remains unresolved, and demands attention; 
a correct interpretation of regional structural relationships with­
in the "Taconic" and "synclinorium" areas hinge upon its resolution.
Drive eastward along the Cedar Mountain Road to the(dead) 
end. Quarry on the left at the end.
Locality 3 : Cedar Mountain Syncline; slate quarry
This, the first major structure west of Lake Bomoseen, is specta­
cularly exposed in the abandoned quarry cut into Cedar Mountain 
(Figure 4). Fold is overturned to the west, nearly recumbent, 
and plunges south; axial plane cleavage dips gently eastward. The 
deformationai mechanism associated with the exposed portion of the 
fold, appears to be (chiefly) passive flow; on a larger scale, 
flexural mechanisms may have played a role. Exposed rocks are in 
the upper beds of the Bull formation, Mettawee slate facies (Zen, 
1961, p. 300-301), chiefly a soft purple" and green slate with loc­
al thin beds of limestone.
Typical mineral assemblages are muscovite-chlorite-albite- 
quartz and muscovite-chlorite-hematite-quartz (Zen, 1961).
The anticline separating location 2 and 3 is not well ex­
posed here, being for the most part masked in the pervasive cleav­
age of the Mettawee slates; its presence, however, is indicated by 
exposures of Bomoseen graywacke southwest of Lake Bomoseen (Zen, 
1961, Plate 1).
The purple and green colors of these slates reflect dif­
ferent relative proportions of chlorite and hematite. Certain col­
or features bear on the question of whether or not chemical equi­
librium was obtained during conditions of metamorohism (Zen, 1960, 
p. 167): thus it may be observed that hematite-bearing purple 
slates are never found in contact with graphite-bearing black 
slates without an intervening layer of green slate and that pyrite- 
spots and limestone layers in purple slates are always surrounded 
by a rim of green slate. These layers are reaction rims; this ev­
idence, together with textural data and the observation that min­
eral assemblages obey the phase rule, suggest the rocks have, in 
the main, achieved chemical equilibrium during metamorphism (Zen, 
1960) .
Within the cleavage plane a subtle lineation can sometimes 
be observed; this is termed "grain" by quarrymen. Grain has been 
observed to be roughly perpendicular to fold hinge lines; it ap­
pears to be formed from a preferred orientation of elongate mineral 
grains, although definitive evidence on microstructure of the fea­
ture has not been reported. As a working hypothesis, the writer 
has believed "grain" to be the direction of greatest finite exten­
sion within the plane of flattening; this view remains hypothetical. 
Nonetheless the feature may ultimately prove to be an important one 
in structural analysis. In support of this view, Wright (1970, p. 
55) observed ellipsoidal green reduction spots in purple slates, 
and concluded that the longest dimension was parallel to the grain 
direction. Reduction spots appear to be reliable as strain indica­
tors, and the implication is that "grain" may also be a useful 
strain indicator. The reduction spots have long and medium dimen­
sions within the plane of flow cleavage; flow cleavage is thus pre­
sumed to have developed perpendicular to the axis of greatest finite
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compressional strain. It should be noted that this direction is 
in general not equivalent to the axis of maximum compressional 
stress. Maximum values of analyses of flattening in the Vermont 
slate belt, based on reduction spots, is approximately 80% (Wright, 
1970, p. 64).
Larrabee (1939-40) and Dale (1899) have discussed the 
principles of structural geology in relation to flagstone and slate 
quarrying. Within the slate belt of Vermont and adjacent portions 
of New York State, slate and flagstone are quarried from three rock 
units; the Mettawee Slate, the Poultney Slate, and the Indian Riv­
er formation. Mettawee yields purple, grey, and rarely grey 
slates; Poultney slates are grey-green, and the Indian River red 
and blue-green slates. The latter is quarried only in New York, 
near Granville.
Interlude: To the south of the quarry is Neshobe Island, formed
principally of slates of the West Castleton formation, but locally 
containing the Beebe limestone member of the West Castleton forma­
tion, a massive, lenticular black limestone. A thin band of Met­
tawee slate occurs at the eastern extremity of the island. Of 
greater interest perhaps is the observation that author Alexander 
Woolcott owned the island in former years, and that such diverse 
fauna as Marx Brothers were known to have prowled through its lush 
undergrowth.
Due east, on the crest of the Taconic Range, is the 1976-foot peak 
of Grandpa Knob. Here, in 1941-45, Palmer Putnam's 1500-kilowatt 
wind turbine made electrical research history. A 150-foot wind­
mill with stainless steel blades generated power that was fed into 
utility lines of the Central Vermont Public Service Corporation, 
Rutland. A technical success, financial obstacles hindered further 
development when, in 1945, one of the eight-ton blades had been 
ripped from its shaft and tossed 750 feet down the mountain.
Return to West Castleton; turn north on Moscow-Black Pond- 
Hortonville Road to its intersection with the Seth Warner Memorial 
Highway (Route 30). A few miles to the southeast of the road in­
tersection is the site of the Battle of Hubbardton, the only con­
test fought on Vermont soil during the American Revolution, on Ju­
ly 7, 1777. A museum at the site is contained within an 18th cen- 
tury-style building; it features an animated electrical relief map 
and diorama depicting the important stages of the battle. (The Bat­
tle of Bennington took place on Mew York soil). Turn north along 
Route 30, for about 0.5 miles. Stop south of Eagle Rock camp 
(parking may be difficult).
Locality 4 : Structure of the Giddings Brook "Slice":
Problem of the Giddings Brook-Ganson Hill Fold Complex - In the
58
Figure 5. Schematic diagram showing the geometry of the
Giddings Brook bottoming fold as proposed by 
Zen (1959, PI. A-4» 1961, Fig. 4). Surface 
shown is the top of the Biddle Knob formation. 
Topographic effects are ignored. The structure 
is shown to be recumbent with a shallow South- 
plunging hinge line.
Figure 6. Schematic diagram showing the geometry of the
hypothetical Giddings Brook bottoming fold 
with the outcrop pattern of West Castleton 
formation and younger rocks included in plan 
view, and its inferred profile.
60
east-central part of the geologic map (Figure 1) there is a large, 
boomerang-shaped tract of Biddie Knob formation, and a half-moon 
shaped area of the West Castleton formation and the Poultney Riv­
er group immediately to the northwest (Zen, 1959, p. 3); these 
represent the Giddings Brook-Ganson Hill fold system of Zen (1961, 
p. 316), in which the Biddie Knob formation is assumed to form the 
core of recumbent "bottoming fold"* along the Giddings Brook val­
ley, and the West Castleton and younger rocks are assumed to be 
contained within a recumbent syncline, the Ganson Hill syncline 
(also a "topping" fold). Locality 4 in Figure 1 occupies the west­
ern tip of the Ganson Hill syncline. The schematic diagram shown 
in Figure 5 (cf., Figure 2, A-A') provides a clear picture of the 
structural geometry as envisaged by Zen (1959, Plate A-4; 1961, 
Figure 4).
Such a structure seems plausible if only the Biddie Knob 
formation is considered; but in my view it seems implausible when, 
in addition, West-Castleton and younger rocks in the vicinity of 
Ganson Hill are considered. The Ganson Hill syncline exhibits clo­
sure at its western end near the Seth Warner Memorial Highway, as 
previously shown by Zen (1961, Plate 1; p. 316) and other workers. 
This would require a schematic illustration something akin to Fig­
ure 6, which in turn suggests the "cylindrical" structure portray­
ed in Figure 7. Such a structure would be explicable only by 
large-scale boudinage; this latter hypothesis does not appear to 
fit the field evidence, which evidence suggests that the Ganson 
Hill structure is a comparatively shallow overturned syncline with 
a flat northeasfctrending hinge line, comparable to and possibly an 
extension of the Scotch Hill syncline (Locality 2).
Continue north on Route 30 to Sudbury.
Interlude: Church at Sudbury Village. Built in 1807 and later
granted joint use by town and the congregational services, the ex­
terior shows in its design the lingering tradition of "gothic" de­
tail of Old England's churches. The former galleries have now 
been replaced by a floor, the Town Hall being on the ground floor
and the religion services upstairs.
Take the road southeast from Sudbury Church for 0.6 mile 
to sharp turn with road cut. Go through fields westward to expo­
sures of white marble, crossing a "Taconic thrust"; follow the con­
tact southward.
*Zen(1961, p. 313-314) introduced two new terms in order to des­
cribe the structural complexity of this area: "By topping fold is 
meant a fold whose core contains the relatively youngest beds.
By bottoming fold is meant one whose core contains the relatively 
oldest beds. For rocks that have only been simply folded, these 
terms are equivalent to synclines and anticlines, respectively; 
however, for rocks which have been complexly deformed, these terms 
are not necessarily synonyms... topping- and bottoming folds are 
terms with stratigraphic connotations."
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Locality 5 : Taconic Margin east of Hyde Manor and Sud­
bury; Historical Ground for Taconic Controversy - Here Taconic 
sequence rocks of the "Signal Hill Slice"(viz., all Taconic se­
quence units north of the Keeler Pond fault of Zen (1961, Plate 
1; cf. Voight, 1965) overlie parautochthonous rocks of the Sud­
bury nappe in imbricate thrust contact (Figures 8, 9, 10; cf. Kay, 
1959). The field relationships here suggest that Arthur Keith's 
original evidence for the Taconic klippe, which had long since 
fallen into disrepute, was basically correct. Keith (1913) main­
tained that an overthrust was indicated because the limestones 
and slates were unconformable with the general contact: "Inasmuch
as the divisions of the Ordovician Stockbridge limestone in this 
area dip under the slates known to be Cambrian and these in turn 
dip and pitch away from the limestone, and inasmuch as the lime­
stones and slates are all unconformable with the general contact, 
an overthrust seems the only competent explanation." Keith was 
correct; the fact that Keith probably misidentified the infolded 
black Hortonville slate, and the possibility that local occurrenc­
es of so-called "Taconic sequence" slates may also be Hortonville, 
have little bearing on this general conclusion. This is a thrust 
contact, not simply an unconformity as had been contended by some 
subsequent workers.
Also of historical interest is an "outlier" described by 
T. N. Dale, one of the pioneers of Taconic geology. In his 1904 
paper describing the geology of the northern Taconic region, Dale 
cited an "outlier" west of Hyde Manor as evidence that the carbon­
ate sequences lay unconformably on top of the slate-phyllite Tac­
onic sequence rocks. Subsequently Ruedemann (1909), in the first 
suggestion that a "Taconic thrust sheet" underlay the slate belts, 
cited Dale's "outlier" as a true "fenster" and called it "positive 
evidence" for the overthrust. Ruedemann claimed that the limestone 
was an anticline protruding from below, rather than a syncline as 
visualized by Dale. The Ordovician age of the "outlier" limestone 
was known from fossil evidence (streptelasma, crinoids) as reported 
by Dale. Valuable as is the use of imagination in gjsplpgical in­
vestigations, geological sciences ajre S.ti 11 best advanced by care­
ful observation and deduction; thus heeding his own words, Dale 
advanced in 1910 on the outcrop and, "wtjLth the aid Qf^tjfco men and 
dynamite" made six excavations; in 1 9 1  • Oa 1 e drilled a core through 
the center of the outcrop that penetr^t^d' the layer at a
depth of 14 feet (Figures 11, 12?) / Ru^deinann' s jf eftgttag theory was 
thus deemed unlikely (Dale, 1912).., but not invalidated ̂ completely, 
for an overturned anticline With an east-dipping,afcial-plane could 
be compatible with drill core data. Hence Dale jJ19$3.) continued 
his study of the locality, increasing the number of Excavations to 
fifteen, and drilled another core, inclined 4 5 * , %  rough ly parallel 
to the axial plane, which passed through limestone 32 feet
(Figure 11). These papers by Dale might well be:considered classic 
but in fact do not seem to be well known. C . .• *. T  ̂
Cushing and Ruedemann (1914, p. 113) then admitted the like 
lihood of the outcrop as representing a small infolded mass, but at-
63
Q e a J j X f A f  ( p f  t h e  ^ u d J p u A A f  f t c v p p a  d e c j j x m
1 mile
Figure 8. Geology of Sudbury nappe region.
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tempted to diminish its importance because of its small size. 
Kaiser (1945, p. 1095) commented that Dale's investigations were 
of historical value only, since present workers "agree that the 
slate is on top of the limestone here"; he discounted the drill 
core evidence. Keith was at the outcrop with Dale when field work 
for Dale's 1912 paper was in progress, but never mentioned it in 
his brief accounts of the geology of the region (1912, 1913, 1932, 
1933) although he must have considered it in evidence. Host other 
workers have not cited it. Notwithstanding the above, a multiple 
working-hypothesis approach is effective only if a sufficient num­
ber of hypotheses are included in those to be tested. In this in­
stance the "outlier" seems to be but one of several located near 
the "Taconic" margin; more recently they have been interpreted, 
not as "outliers" or "fensters", but as carbonate slivers caught 
up in imbricate thrust slices (Voight, 1965). The "outlier" of 
Dale is the most southerly of the tectonic "lenses" shown in Fig­
ure 9. Similar imbricate relationships have been observed at the 
northern tip of the "Taconic" margin (cf. Figures 8, 13, 14).
Interlude: The FIFTH, who chanced to touch the ear,
Said: "E'en the 'blindest man 
Can tell what this resembles most;
Deny the fact who can,
This marvel of an Elephant 
Is very like a fan !
Return to Route 30 via Sudbury; turn north on Route 30 
approximately two miles to the Webster School, and turn left toward 
Orwell. Stop about 2.3 miles to the west, before the Lemon Fair 
River Bridge. Cross fence (keep all gates closed !) and enter 
fields to the north of the road.
Interlude: Any wandering movement would have to occur across the
mountain chain...The "axles" and "rollers" would have to operate 
parallel to the length of the mountain wall, and the guiding tracks 
would have to run at right angles to it.
When we began to use the compass and plot the measurements on the 
map, we found that our expectations were being met only in respect 
to the glide tracks. All signs of a rolling motion were at right 
angles to the direction we had expected. In other words, axles and 
track ran parallel !
We were in the position of the engineer who stands on the railroad 
tracks, and sees a locomotive travelling towards him. As it draws 
closer he suddenly discovers that the wheels are placed crosswise 
to the track, and that the axles run parallel to the rails. There­
fore it is obvious that the machine cannot roll. Yet it does ! 
Should he jump to one side and out of the way ? Or shall he trust 


























































where he is, and perhaps get run over ? We jumped. But some 
five years later we regretted this cowardice, and returned to 
stand on the rails...
There were, however, still many unsolved problems. Is it strange 
that we were unable to comprehend the behavior of a mountain range 
625 miles long in terms of lathe and locomotive ?
Locality 6. Boudinage, Lineation and "Early"Folding, Lemon 
Fair River Bluffs - LEAVE ALL HAI1MERS IN THE VEHICLES. All rele­
vant features can be seen best on natural surfaces; the outcrop is 
unique and should be preserved from death by percussion.
Bluff exposures are of interbedded white to grey marble 
and buff-to-brown ("chamois weathering") massive and "cleaved" dol­
ostone, typical of Beldens member, Chipman formation, and structur­
ally near the base of the Sudbury nappe. These rocks have been de­
formed into a magnificant cascade of nearly-isoclinal (early) folds
with associated structural features (see map, Figure 15). A synop­
tic diagram of structural data for this locality (Station 7 of 
Voight, 1965) is given in Figure 16; early fold hinge lines trend 
toward the southeast at a low plunge, fold axial planes and assoc­
iated secondary foliations dip eastward at a shallow angle, pene­
trative lineations within the marble dip eastward, neck lines of 
boudins plunge northward at a shallow angle.
Boudins thus have a different trend than early fold hinge 
lines, and are somewhat younger structures than the fold hinges; 
locally fold hinges are pinched-off, although maximum development 
occurs on fold limbs (Figure 17). Nonetheless, boudins are assign­
ed to an early deformationai event; their evolution appears to be
related to the development of the secondary foliation associated 
with the early folds. The enormous ductility of marble inferred 
from the boudins is characteristic of early deformation, and devel­
opment of boudinage can be logically envisaged as the result of 
continued compression of isoclinally folded structures. A detailed 
sketch of boudins at this outcrop is given in Figure 18, with num­
bers assigned with reference to Figure 15. The smoothly-tapered 
boudin geometry had earlier led one mis-informed geologist to con­
clude that the massive dolostone layers were extremely ductile dur­
ing conditions of deformation (Voight, 1964a; 1965), a conclusion 
having some significance with regard to the inferred deformationai 
environment and to the inferred mechanics of formation. However, 
inspection of the boudins themselves shows clearly that the mode
of deformation of the dolostone layers has been by pervasive brit­
tle fracture and fragmentation; the pseudo-"rounded" boudin geo­
metry appears as a consequence of fragmentation and (predominantly) 
Calcite vein filling. The characteristic buff-weathering of the 
dolomite tends locally to mask the degree of fragmentation and vein 
filling in boudin necks, although the "thread-scored beeswax" pat­
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Figure 16. Synoptic diagram of structural data, Schmidt Net,
for Locality 6. Fold hinge lines (small circles), 
pole to ttSi (large circle), pole to 'n'Sp (crossed 
circle), neckline 1 3 %> maxima (lined pattern), 
bedding pole (S.) 10% maxima (dotted pattern), 
secondary foliation pole (S2 ) 10% maxima (crosses) 
penetrative lineation 27% maxima (triangles).
7^
Figure 17. Schematic block diagram of isoclinal folds,



































































es on that surface.
Boudins can be utilized in strain and ductility measure­
ments according to a simple procedure outlined by Voight (1964a).
In the description here, two-dimensional analysis is assumed ap­
propriate.
The neck (constriction) separating contiguous boudins is
treated, assuming zero axial strain, constant volume in deformation,
and an original layer thickness (tQ ) not less than maximum boudin
thickness. Original neck width (W_ ) is given byno
(1) W = A /t , where A represents neck area, easily derived fromnQ n o n r
planimeter-measured tracings of down-axis boudin photographs.
Average strain at the neck (6^) obtains:
(2) e_ = (W - W ) / W ; the existing neck width is W .n n nQ nQ n
If boudins are isolated, their separation is indicative of 
matrix strain; minimum values may be computed. By restoring boud­
ins to their positions at initial separation, average boudin-layer 
strain is determinable. If h . equals individual boudin area in an 
array, the equation:
(3) WQD = (£ Ai ) / t
i = 1 °
provides width of an assumed original layer of constant thickness. 
Coupling this dimension with the extended width (W) of the boudin 
layer gives:
(4) e = (W - W ) / W .o o
Longitudinal strain values for both boudin and matrix layers pro­
vide data on rock ductility during deformation. The limiting thick­
ness ration, tn/t , where t is the minimum thickness of the neck, 
also serves as a Measure ofnductility for boudins which have devel­
oped as a consequence of continuous flow. An example of this kind 
is given in Figure 19.
Total cross-sectional area for necks 11 to 17 is about 11.5 
sq. ft.; cumulative width is 24.1 ft.; the "best estimate" of ini­
tial thickness is 1.1 ft. From equation (3), cumulative initial 
width is 11.5/1.1 = 10.5 ft. Minimum(local) extensile strain in 
the marble "matrix", from equation (4), is ((24.1 - 10.5)/10.5) 100 
= 131%. Restored width at incipient separation is about 19.7 ft.; 
hence average dolomite (boudin layer) strain is ((19.7 - 10.5)/10.5)
100 = 88%. In this«example no corrections were made for vein fill­
ings, hence the calculated values are minimum values.
Note that the spacing between necks is reasonably consis­
tent within individual layers, but extremely variable when one lay­
er is compared with another. The critical factors controlling spac 











































locale characterized by repeated layers with J j ^ i l ^ a sproperties and boundary conditions, spacing varies primarily as
a function of boudin-layer and matrix-layer thickness variations.
A preliminary account of boudin mechanics has been given
by Voigt (1965); in that study an attempt was made (not without
error) to theoretically account for s u c h  phenomena as spacing of 
boudins Figure 20, taken from that study, includes data from 
this locality; the data have not been corrected for vein filling.. 
Portions of this work on boudin mechanics have since been revised
but remain unpublished.
A distinctive east-to southeast-trending lineation isresent within the plane of secondary foliation; these lineations 
a r e  penetrative: they are not restricted to discrete surfaces and 
they do not simply represent ordinary slickensides ^°duced y 
late-stage flexural fold deformation. Development of the li 
tion is syngenetic with secondary foliation, and hence with ea y
folding and boudinage.
The mean orientations of neck lines (i.e., boudins) and 
penetrative lineations are aporoximately orthogonal at most local 
ities (cf. Figures 21, 22), and this relationship is generally 
borne out by individual field observations where penetrative i d ­
eation and well-developed boudins occur in association. r
lationship is interpreted to suggest that the penetrativ 
tions represent the direction of principal extension *-h -
plane of flattening. Locally, distorted fossils can be found 
which seem to reinforce this view. Planispiral gastropods f° ^  
at this locality were elongated parallel to penetrative m e
and perpendicular to boudin axes.
Return to automobiles and drive eastward to the Webster
Schoo-l Continue across Route 30, on Route 73 in the directio 
of Brandon. Continue past Mrs. Selleck's General Store on Plea-
Brook, where a limited but fine selection of Vermont cheese
was always available for a hungry geologist, to School No. 1.
Distance from Webster School about 1.2 miles.
sant
Locality 7. Parautochthon and Autochthon: Bald| H i l l ___
stonv Hill— Miller Hill, and Vicinity - Beginning at the west rn
ecTge of Figures 23 and 24, reference is made to the nearly contin­
uous bluff of white marble, which can be traced from R°ute 
(south of the Webster School) to a ridge of glacial debris <00 
yards west of School No. l*(cf. Figures 8, 23). The marble
* The following may be of assistance to r e a d e r in understandingrne roiiowrng may uis —  --- _ Ppf-
the descriptions of the Bald Hill area, Fiqur * • ld
erence: 7 1/2* U.S.G.S. Sudbury, Vermont, ^ r a n g l e . B a ^
Hill area is traversed by Route 73, passing from the - Route
Memorial Highway at the Webster School, to Brandon* |out
73 is Stony Hill (800 ft. contour); north of Route 73 is Hill 641,


















E x p ta n o t io n  
O S to t i o n s  6  t 7
in  l a y e r  t h i c k n e s s  ( 1 ^ )i n i t i a l
Figure 20, Initial (restored) boudin width versus initial
boudin layer thickness. StAtion 7 of this 
figure corresponds to Excursion Locality 6.
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Hirure 2 1 . Synoptic diagram of boudin maxims, Sudbury
nappei Station 8 data (Miller Hill klippe) 
given for original (split circle) and rotated 
(circled dots) positions.
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lies and truncates the contact of slate and mid-Ordovician lime­
stones in the synclinorium core. This is the Sudbury thrust of 
Cady (1945, p. 570). The thrust contact is exposed locally; a 
20° dip discordance exists between the thrust and foliation.
To the east, structural relationships seem more complex. 
In western ledges of Hill 641, Beldens marble appears to grade
stratigraphically-upward into Middlebury limestone across a con-
sub-parallel to dolomite bedding and secondary foliation. A
typical sequence is as follows: beginning with the oldest, (1)
white marble with massive dolostone beds seems to grade into (2)
blue-grey Calcite marble with massive dolostone, to (3) blue-grey 
marble, to (4) sugary-textured slightly argillaceous calcisiltite 
often dolomitic, to (5) argillicalcilutite, typical of Middlebury 
limestone. The section is inverted at Hill 641; the contact can 
be traced to Brandon Swamp, and appears to be essentially strati­
graphic although subjected to large strains; there seems to be no 
evidence for an unconformity as suggested by Zen (1961, p. 321).
The summits of Bald Hill and Hill 641 are interpreted as
containing the overturned limb of a recumbent anticline with a
core of Beldens marble. Amplitude exceeds one mile, and is of 
course much greater if this structure is continuous with the main
body of the Sudbury nappe. Several smaller structures exposed on 
the north flank of Bald Hill, possibly recumbent anticlines, or 
nappes (with basal shear zones), have similar characteristics of
style (Figures 23, 25). The Sudbury nappe may be in fact complete 
ly detached from subjacent structure, for field evidence is incon­
clusive on this point; nonetheless a genetic relationship amongst 
these structures seems most likely, and they are regarded as par­
asitic "digitations" on the overturned limb of the Middlebury syn­
clinorium, here considered as a complex early fold.
On the north slope of Stony Hill, a sliver of slate (of 
unknown age and origin) occurs athwart Route 73. The contact is
well exposed about 200 feet south of the road, with foliation with­
in both slate and marble approximately parallel to the southeast- 
dipping contact. Zen (1961, plate 1) shows this slate as a con­
tinuous unit connected to the synclinorium core. Because of a 
small gap in outcrops, evidence to the contrary is not conclusive, 
but it favors no connection. The sliver is interpreted as either
thrust sliver, bounded top and bottom by "ductile" faults masked
in secondary foliation.
Further to the east, detailed relationships between marble 
and limestone have been literally uncovered by hand-dug excavations 
along the contact zone. Structural discordance has been observed 
at a small klippe on Miller Hill, in ledges 200 ft. north of the 
klippe, at the eastern foot of Miller Hill near Brandon swamp, and 
the foot of Stony Hill west of Route 73. Some of the contact 
relationships are schematically shown in Figure 26, in which figure
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"Spring House"(shown in the figure)west of Route 73, a subhori­
zontal fault contact sharply truncates steeply-dipping bedding 
(dolostone and marble) within the Beldens marble. Similarly, a- 
cross Route 73, at the klippe, the fault truncates steeply-dip­
ping, northeast-striking dolostone and marble layers. The rocks 
have been severely strained, as evidenced by inter-meshed boudins 
in the dolostone, superbly shown on the west face of the klippe*; 
much marble has been squeezed out in conjunction with boudinage 
evolution, which is presumed to be approximately synchronous with 
the large-scale low-angle thrust faulting. These outcrops seem 
to represent a dissected thrust plate -- the Miller Hill thrust 
(Voight, 1965).
The fault contact relationships vary as a function of 
rock type. South of the "spring house", in a bluff where more 
than fifty feet of continuous exposure occurs along the contact, 
a massive dolostone layer about one foot thick directly overlies 
the contact (Figure 26). Secondary foliation within marble and 
subjacent limestone essentially is parallel to the contact, which 
contact locally varies in attitude from vertical to sub-horizontal, 
presumably on account of subsequent folding. Despite this "appar­
ent conformity" at the contact, rock flowage has been intense, as 
evidenced by broken fragments of dolomite within the marble; the 
dolomite beds have changed systematically in attitude, from an 
east-northeast strike, steeply-dipping attitude to virtual paral­
lelism with the contact, a consequence of a "drag" effect associ­
ated with the Miller Hill thrust. This thrust appears to be a 
discontinuity within a mass undergoing large strains, i.e., pre­
sumably a discontinuity in terms of displacement, strain, and vel­
ocity. Locally concordance or discordance may be apparent, de­
pending upon the rheology (e.g., ductility) of the bordering rock. 
Within the environment of deformation associated with the Miller 
Hill and Sudbury thrusts, the deformationai mode for dolomite was 
by fracture; under identical conditions, Calcite readily flowed. 
Hence where dolomite formed the predominant rock type, brittle 
fracture and discordant relations are observed; where marble pre­
dominates, the contact relationships can seem to be concordant. 
Incidentally, it should be mentioned that there is some danger of 
misidentifying secondary foliation as bedding, particularly as 
thin-bedded limestone. Decisions concerning concordance or dis­
cordance, which concern data on foliation rather than bedding, 
are to be interpreted cautiously.
On the northern slope of Miller Hill, near the 550-foot 
contour, the marble unit appears to underlie the limestone. Thus 
a structural inversion of the marble-limestone contact apparently 
takes place at Miller Hill. The contact is definitely a fault 
contact in the vicinity of Route 73, but no definitive evidence
* Boudin orientation is shown in Figure 24; by unrolling axes in 
small-circle paths about the "late" fold axis to account for rot­
ation of the fault surface, the pre-folding orientations were re­
























favorable to either a concordant or discordant hypothesis was ob­
served where the marble underlies limestone.
Amongst other possibilities, the "inversion" could repre­
sent a folded thrust, or a thrust plate of marble overlying a se­
quence of marble and (younger) limestone in "normal" order.
Part of the interpretation problem for the entire Bald 
Hill area arises from the fact that thrust relationships are rec­
ognizable only where dissimilar rocks are in contact -- and some­
times not even under those conditions. IJo structural breaks are 
recognizable where marble rests upon marble, despite the fact that 
exposures are unusually good for this region, a locale of Alpine 
tectonics typically lacking alpine exposures. This is not to deny 
the existence of faults within the marble, only our ability to rec­
ognize them; these faults are principally ductile phenomena, masked 
by and associated with the development of secondary foliation.
A unique explanation satisfying all field relationships 
is not known to me. Two hypotheses are given here for purposes of 
discussion by excursion members (cf. Figure 28):
(A) double-nappe hypothesis; Miller Hill nappe overlies the
Sudbury nappe;
(B) single-nappe hypothesis; Miller Hill and Sudbury thrusts
are part of a single structural element.
Additional hypotheses or variants of the above may be suggested, 
none of which in detail have the attribute of simplicity. Ultimate­
ly, however, it should be noted that the "key" to understanding the 
structure at this locality hinges on two units, the slate north of 
Stony Hill, and the limestone at Miller Hill. A blank cross-sec­
tion, approximately an extension of line A 1-A on Figure 23, is pro­
vided for the excursion participants (Figure 29) in order to pro­
vide an opportunity for individual interpretation based on the ev­
idence presented at this stop.
An overall view of the structure associated with "Sudbury 
nappe" is shown in Figure 39; the right side of this figure depicts 
the geology at Locality 7. and shows its assumed relationship to 
the structure of .the Middlebury synclinorium and Taconic alloch­
thon.
Return west on Route 73 to Route 30; drive north 14 miles 
to Middlebury, Vermont, and junction Route 7. Park on north side, 
Otter Creek; walk to below falls.
Interlude: This region marked a main route for the Algonquin and
Iroquois; beginning on Lake Champlain (the Iroquois "Gate of the 
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headwaters. Here a portage followed, from the Vermont Valley 
across the Green Mountains to Weston, thence along the West Riv­
er to the Connecticut River at Brattleboro, southbound to Connec­
ticut. Another main route followed the Lemon Fair River (Locali­
ty 6.) from its headwaters to Lake Champlain; this route was used 
by Mohawks from the Hudson Valley.- The name Bomoseen means "big 
pond with grassy banks" in Abnaki language; the lake of that name 
(Locality 3.) was used by Algonquin and Iroquois to catch fish, 
which were smoked and carried to their permanent winter lodges. 
Certain parts of the Otter Creek and Champlain valleys were pre­
viously occupied by peoples associated with the "Laurentian cult­
ure"; Laurentian sites in New York have been dated at 2500-3000 
B.C. Little appears to be known of the ancient peoples, sometimes 
referred to as the "red paint" or "slate" culture; excavations of 
living sites had been carried out in Orwell by the Heye Foundation 
of the Museum of the American Indian, New York City, in 1933-35.
A unique custom of the mourners was to place red hematite, symbol­
ic of life, with their regarded dead.
Locality 8. East limb of the Middlebury Synclinorium; 
Middlebury Village - The critical Beldens-Middlebury contacthas 
been traced northward from the Bald Hill vicinity in order to see 
if the style of deformation evident at Bald Hill was present along 
the entire eastern edge of the Middlebury synclinorium. Much of 
this contact is covered, but where exposures permit, the contact 
seems to dip moderately eastward, generally approximately parallel 
to secondary foliation.
As an example, a locality several hundred feet west of 
Middlebury Village will be examined. Beldens marble, containing 
superb exposures of north-trending boudins in thick massive dolo­
stone beds, lies in inverted contact with Middlebury limestone 
on the north bank of Otter Creek below the falls (cf. Cady, 1945, 
Plate 4, Figure 3; Seely, 1910, p. 30, plate 39). Foliation par­
allels the contact, dipping eastward at 40°. Absence of a transi­
tional zone and profound attenuation of dolostone above the con­
tact (as evidenced by boudinage) suggest a thrust contact involv­
ing differential flow between the two rock units. The limestone 
below the thrust has very likely undergone strains on the same 
order as marble overlying the thrust, as suggested by the presence 
of foliation; however its magnitude cannot be estimated in the ab­
sence of structural elements such as boudinage.
Field observations show that the Beldens marble - Middle­
bury limestone contact is inverted throughout the east synclinor­
ium limb (Voight, 1964b), and suggest that phenomena described at 
Bald Hill are not restricted to that locality. The observed re­
lationships are compatible with the hypothesis that the sequence 
Bascom formation - Middlebury limestone is involved in (or com­
prises) a "root" zone characterized by differential, and locally 
discontinuous, flow (Figure 30). The "root" is taken to be that
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zone from which a nappe arises, and as such, in the present in­
stance, represents a zone of detachment between the nappes and 
less extremely deformed foreland rocks of the synclinorium east 
limb.
Take Route 7 toward Burlington, 33 miles to the north.
Interlude: It's fun to watch the way they're made,
They wasn't built by grafters;
The cords, the uprights, oak-hewed pins , 
The ridge pole and the rafters;
An iron bridge turns rusty red 
A concrete bridge gets sooty;
Give me a good old covered bridge 
For business, love, or beauty.
Locality 9 . The Synclinorium core: Ledge Creek section.
(To be visited if time permits.) 11 Inversion of contacts extends 
to the synclinorium core, and can be demonstrated, e.g., at Ledge 
Creek, 3 miles northwest of Middlebury Village. Here, with about 
a quarter-mile of continuous exposure, the Glens Falls limestone- 
Hortonville slate section can be studied from the west to the 
east limb of the Middlebury synclinorium. East-dipping early fol­
iation is consistent with an axial-plane relationship to the over­
turned section, which seems precisely as shown by Augustus Wing 
(see Cady, 1945, Figure 2) in a section drawn approximately 
through this same locality. The synclinorium is not merely a late, 
relatively open fold structure, the concept apparently accepted by 
many workers of recent vintage, but has an origin dating back to 
the development of isoclinal fold structures, associated folia­
tions, and ductile faults such as the Miller Hill thrust.
Interlude: Reader, what I have here written, is not a Fiction,
Flam, Whim, or any sinister Design, either to impose upon the Ig­
norant, or Credulous, or to curry Favor with the Rich and Mighty, 
but in meer Pity and pure Compassion to the Numbers of Poor Lab­
ouring Men, Women, and Children in (New) England, half sterv'd, 
visible in their meagre looks, that are continually wandering up 
and down looking for Employment without finding any, who here need 
not lie idle a moment, nor want Encouragement or Reward for their 
Work, much less Vagabond or Drone about it. Here are no Beggars 
to be seen (it is a Shame and Disgrace to the State that there are 
so many in England) nor indeed have any here the least Occasion 
or Temptation to take up that Scandalous Lazy Life.
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Plate 1. Polished cross- 
section across the "neck" 
of a dolostone boudin from 
Locality 6. Dolostone is 
dark grey, Calcite and 
quartz veins are white, 
marble (matrix) is light 
grey. The fragmentation 
and brittle fracture of 
dolostone within the neck 
region is well shown; un­
der the "same" conditions, 
the surrounding Calcite 
marble layers deformed by 
flowage
